As service rates increase, the corroded rebar stands out as a major problem for existing reinforced concrete (RC) columns in a corrosion-inducing environment. The corrosion of stirrups is more serious than that of longitudinal bars, due to smaller clear concrete cover and smaller diameter. It deteriorates the confinement behaviour and thus decreases the shear resistant capacity, potentially changing the failure modes from ductile flexural failure mode to brittle flexural-shear failure mode, or even shear failure mode. Therefore, the evolution of the seismic damage pattern of existing corroded RC columns and its service-year related fragility analysis are becoming heated research topics in the field of structure hazard prevention research. The objectives of this paper will be to focus on how to use FEM software to numerically simulate the seismic behaviour of corroded columns accounting for materials deterioration and bond degradation. Pushover curves shown that a transverse rebar corrosion level above 10% could reduce the seismic capacity of columns by a great extent. In addition, the stiffness, ductility and energy dissipation capacity declines. It also demonstrated the transition of failure mode from flexure failure to shear failure as the corrosion level of stirrups increased. The fragility analysis based on the FEM results indicated that the RC column with corroded stirrups is much more vulnerable.
Introduction
The corrosion of reinforcement steel bars (rebar) is a natural electrochemical reaction RC structures have to face with. It is exacerbated by exposure to corrosion-inducing environment factors, including de-icing salt, marine salty water, carbon dioxide, sulfur dioxide, etc. The chloride from salt ( ) could make hazardously chemical attack on steel bar by acting as an efficient catalyst in the corrosion process. The corrosion of steel bar in the existing reinforced concrete structure has raised great concern over its safety and seismic performance among practising engineers, researchers and residents, etc., because steel bar is the most essential element in RC. Corrosion reduces the effective cross-section area of longitudinal and transverse rebars. As shown in Figure 1 , the volume expansion of the corrosion product will give rise to cover cracking, as a result of which effective concrete area could be reduced. Furthermore, the interaction between concrete and steel bar could be changed fundamentally as the steel bars have increasingly corrosion level. In the primary phase, the expansion of the corrosion products enhances the confinement behaviour of the concrete to the rebar. The particle of corrosion products raises the friction coefficient, which is more obvious for smooth bars. The two factors both contribute to the increase of bond strength in the primary phase. But as more corrosion products accumulate, the chemical cohesion will be deteriorated. It may even lead to the reduction of the friction coefficient. For deformed bar, the ribs could be eradicated, which deduces the mechanical interlocking. And the expansion effect of the corrosion products can lead to the cracking of the concrete cover, conversely resulting in the decrease of the confinement. Thus the bond strength declines as the corrosion level exceeds the boundary value (generally it is 5%).
In the primary phase, the expansion of the corrosion products enhances the confinement behaviour of the concrete to the rebar. Moreover, the particle of corrosion products raises the friction coefficient, which is more obvious for smooth bars. The two described factors both contribute to the increase of bond strength in the primary phase. But as more corrosion products accumulate, the chemical cohesion will be deteriorated. It may even lead to the reduction of the friction coefficient. For deformed bar, the ribs could be eradicated, which deduces the mechanical interlocking. And the expansion effect of the corrosion products can lead to the cracking of the concrete cover, conversely resulting in the decrease of the confinement. Thus the bond strength declines as the corrosion level exceeds the boundary value (generally it is 5%).
In the corroded RC experimental study and engineering investigation, many scholars including Li and Yang [1] , Ma et al. [2] and Wang and Liang [3] found that the transverse rebar could undergo more severe damage than longitudinal rebar, and even break at the junction point with the longitudinal rebar. Because the comparative smaller depth of concrete cover for transverse rebars makes transverse rebars more easily reached by chloride and other corrosion induction chemicals. Besides, the diameter transverse rebars are smaller than that of the longitudinal reinforcement so transverse reinforcement is more vulnerable to corrosion, especially those at the corner of the column. So, transverse rebar corrosion turns out to start earlier and have higher levels than longitudinal rebar.
The corrosion of transverse rebars will seriously degrade the confinement behaviour and thus reduce the shear resistance of the column. Consequently the damage mode could be shifted from ductile bending failure to brittle bendingshear failure or shear failure. However, up until now experimental study and numerical modelling has been focused on how corroded longitudinal rebars affect the seismic performance and fragility of RC beam in general and the corrosion level of transverse rebars had been underestimated. Uncertainties remain on how severely corroded transverse rebars will affect the mechanical strength, seismic capacity and seismic fragility of RC element column. Therefore, this paper will firstly talk about using NLFEA software Abaqus to simulate corroded RC structure, especially on how to model corrosion-induced cracked concrete, corroded steel rebar, and the bond strength between concrete and rebar, etc. Then based on these techniques, this paper will present parameter study on how highly corroded transverse rebar affects seismic behaviour of RC circular column, and fragility curves using nonlinear pushover analysis.
Modelling methodology of corroded RC
The high nonlinearity of corroded RC structures can be attributed to cover concrete with corrosion-induced cracks, deteriorated steel bar, and degraded bond strength between concrete and rebar. Ou et al. [4] , Saether and Sand [5] and many other researchers had looked at how to numerically simulate corroded RC with different finite element analysis software and different approaches. This research utilizes popularized Nonlinear Finite Element Modelling software Abaqus version 6.10.1. It has enjoyed great fame for handling highly plastic problems and smart solver with automatic increment [6] . This section will explain the challenges in modelling corroded RC and the methods used to crack them with Abaqus.
Cover concrete with corrosion-induced cracking
Bazant [7] , Liu and Weyers [8] , and Vu et al. [9] had conducted analytical and numerical research on how to model corrosion-induced cracking. These approaches are mostly based on the closed-from assumption. In this assumption, corrosion products replace the concrete-steel interface. The expansion of corrosion products result in the evolution of radial stress in the surrounding concrete. The concrete crack occur when the radical stress has exceeds the tensile strength. Different kinds of modification factor were proposed to consider the stiffness degradation of cracked concrete. Ou et al. [4] proposed a softening effect coefficient to consider the softening effect of cracking concrete, as follows:
where is the tensile strain of the cover concrete, the following figure shows the stress strain curve of cracked cover concrete. It could be expressed as the equations 4-5:
where is the concrete strain when concrete reaches the peak stress. Abaqus has two different material models for concrete: one is damaged plasticity; the other is smeared cracking [6] . Both could describe the stress strain curve by specifying the data points. Damaged plasticity is used in this modelling of cracked concrete, because it is superior to smeared cracking in terms of convergence rate. As has been described above, softened cover concrete caused by corrosion cracking is simulated by introducing softening factors and modified concrete stress strain curve.
Geometry and material strength of corroded rebar
Corrosion initially damaged rebar by eating away steel and reducing the cross section. In the experimental study, corrosion level is generally measured by percentage of decreased bar weight over prime bar weight [2, 10] . However, this method fails to describe the true corrosion status by ignoring the position, the depth and area of corrosion pit. This rough way of calculating rebar corrosion level could be idealized as uniform cross section reduction. Even though corrosion is localized and non-uniform by nature, this method is proven to represent the geometry change of rebar and yield good modelling results. Lee et al. [11] reported that corroded steel bar has reduced yield strength and maximum strength, smaller elastic modulus. Regression analysis had produced linear equations to calculate the mechanical parameters of corroded rebar, as illustrated in Table 1 and Figure 2 . Abaqus provides steel material model with plasticity, explicitly identifying the stress and the corresponding inelastic strain. 
Mechanical Properties Parameters
Equation for Mechanical Properties Yield Strength σ 1 1.98 ∆c/100 σ Ultimate Strength σ 1 1.57 ∆c/100 σ Elastic Modulus E 1 1.15∆c/100 E Elongation δ 1 2.59 ∆c/
Simulate bond strength degradation in Abaqus
In modelling concrete, generally practice is to model rebars as truss or beam elements and embed them into concrete which is usually discretized as solid element. This approach has been based on the "perfect bond" assumption that concrete is "perfectly" connected to concrete, which would overestimate the capacity of corroded RC structure. CEB-FIP 1990 [12] provides guidance on the bond-slip value of confined concrete, as shown in Figure 3 and Table 2 ; according to which, the bond strength depends on two major conditions -whether the concrete is confined or not and whether the bond is good. In addition the ascend branch of the model is defined by the equation: 
Xu [13] tested the bond strength of accelerated carrion specimen on different corrosion levels and conducted regression analysis on the experiment data, and proposed the relationship between the bond strength reduction factor and different corrosion levels, as follows:
where β is the bond strength reduction factor; η is the corrosion level. Abaqus [6] has the functionality to model the bond behaviour between the concrete and reinforcement by defining interaction contact properties with tangential behaviour, normal behaviour and cohesive behaviour. Tangential behaviour could be defined as penalty friction formulation with friction coefficient, shear stress limit, and elastic slip stiffness, etc., which altogether could fully simulate the bond slip behaviour in corroded RC structure.
Numerical study on influence of transverse rebars

Details of modelling specimen
In order to clarify the influence of corroded transverse rebars on the seismic capacity of RC columns, it is essential to look at transverse rebar corrosion level separately. A RC circular column in the experimental study by Ma et al. [2] had been chosen. Circular column has dimension as shown in Figure 4 , concrete cylindrical strength is 20.1 MPa; clear cover depth is 30 mm; yield strength and ultimate strength of longitudinal rebar is 373 MPa and 572 MPa; yield strength of transverse rebar is 327 MPa and 510 MPa. As has been discussed, researching on how transverse rebar corrosion affects the seismic capacity holds value in understanding corrosion more thoroughly. In order to achieve this goal, a parameter study has been design with transverse rebar corrosion level, longitudinal rebar corrosion level as the control variables, shown in Table 3 . A set of sixteen samples had been created, denoted as LxTy, in which x means corrosion level of longitudinal bar and y means corrosion level of transverse bar. According to Table 3 , a total of 16 models have been created. As is shown in Figure 6 , in the 3D model concrete is discretized as solid homogenous element; rebars are modelled as truss element; the interaction between concrete and steel bar is simulated by contact properties. The material property of cracked cover concrete and concrete rebar contact is introduced in the last section; Truss element section area had been reduced according to corrosion level. And each element had been subject to monotonic pushover analysis. Axial load ratio is 0.15. The maximum displacement at top of column is 50 mm, which makes the drift ratio as 6.25%.
Parameter study result
Reaction force F and displacement D had been fetched from analysis results, as it could represent the overall seismic capacity. Previous analysis has yielded 16 pushover curves, as shown in Figures 5-7 . Specimens with the same longitudinal rebar corrosion level almost yield at the same displacement. In Figure 5 , as the longitudinal corrosion level increases, the columns have smaller maximum strength at smaller displacement. The seismic capacity and elastic behaviour are still controlled by longitudinal bars. Separate investigation reveals that columns with transverse rebar severely damaged tend to have steeper descending branch and reaction force decreases comparatively faster, which is fully demonstrated by L0T15 and L5T20 in Figure 6 . Columns with high transverse corrosion level have more apparently strength loss and ductility loss after the yielding because of the sharp reduction of confinement behaviour. As illustrated in Figure 6 , a brittle failure appeared in the specimen L0T5 and L5T15 L5T20 while the longitudinal rebar do not have high corrosion levels. Corrosion of transverse rebar fundamentally changes the failure modes of columns. Figure 7 shows that corrosion level of longitudinal rebars reaches 15%, and the differences in the descending branches had become minor. As the corrosion level of longitudinal L0T10  L0T15  L5T5  L5T10  L5T15  L5T20  L10T10  L10T15  L10T20  L10T25  L15T15  L15T20  L15T25  L15T30 rebars increases, the effect of transverse rebars weakens. As a matter of fact in the natural corrosion phenomena of RC structures, the corrosion level of longitudinal rebars hardly reaches 15%, while transverse rebar has greater probability to suffer from much higher level corrosion. 
Fragility analysis based on nonlinear pushover analysis
Fragility function describes probability that seismic demand D exceeds seismic capacity C for designated limit states, as expressed as: where m , α and β are the median, logarithmic mean and logarithmic standard deviation (S.D.) of seismic capacity. Freeman et al. [14] put forward the Capacity Spectrum Method (CSM) based on nonlinear static analysis. The capacity spectrum is established by transforming the base-shear displacement pushover curve into acceleration-displacement-response-spectrum (ADRS) format. Then make demand curve based on different structural vibration periods and corresponding influence coefficients. The targeted displacement or displacement of the performance point (PP) is obtained through the comparison between the capacity spectrum and demand spectrum. According to Freeman's research contribution, official standardized fragility derivation procedures had been made. FEMA (Federal Emergency Management Agency) [15] has issued HAZUS 99, an applicable standard methodology which uses nonlinear pushover analysis to establish seismic capacity curve and generate fragility functions. It is a mature and widely employed method in risk estimation of various hazards for diverse infrastructures. HAZUS 99 offers procedures for fragility analysis of corroded RC column in this research. Limit states are categorized into slight damage, moderate damage, extensive damage and collapse according to the drift angle. In order to investigate the fragility of circular columns with severely damaged transverse rebar, we has assumed two cases, L10T10 and L10T20, fragility curves of which are shown in Figure 8 . It shows that L10T20 is more vulnerable to extensive damage and collapse than L10T10, meanwhile they have the same probability to have slight and moderate damage. It gives typical examples that RC structure with more severe damaged transverse rebar is at higher risk of seismic attack. 
Concluding remarks
This paper has suggested applicable methodology of modelling corroded RC structure using software Abaqus 6.10.1. Corrosion induced cover cracking, deteriorated rebar, and the bond strength between concrete and rebar had been validly simulated with the functionalities in this software. Simulation results had shown that RC columns with severely corrosion damaged transverse rebar had lower seismic capacity, smaller seismic ductility and brittle failure modes. Transverse rebars have greater influence on the behaviour of columns with longitudinal rebar corrosion level below 15%. Analysis had demonstrated that high corrosion of transverse rebars shall be considered separately because of its changing power in seismic capacity and ductility. Fragility analysis had found RC structures with higher transverse corrosion level are more vulnerable. All the columns are tested on monotonic loading so it fails to analyse the energy consuming ability. This paper only presents the analysis results of columns under monotonic loading when transverse rebar has higher corrosion level than longitudinal rebar. Search should be carried out on time-variant the corrosion level of transverse rebar and longitudinal rebar. Probability model shall be made to describe the corrosion level of transverse rebar as a function of longitudinal rebar corrosion level. Furthermore, research work could investigate how to modelling corroded columns under cyclic loading and how to generate fragility curves of corroded RC element.
